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Failure to Produce Mitochondrial DNA
Results in Embryonic Lethality in Rnaseh1 Null Mice

strand mode of DNA synthesis and that the RNA-DNA
hybrids are RNA primers of DNA replication. The pres-
ence of abundant RNA-DNA hybrids in replicating
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Since their discovery (Stein and Hausen, 1969),Development
National Institutes of Health RNases H have been suggested to be involved in remov-

ing the RNA of RNA-DNA hybrids (Crouch and Toulmé,Bethesda, Maryland 20892
1998), particularly the primers of Okazaki fragments in
lagging-strand DNA synthesis (Kogoma and Foster,
1998). Two additional, seemingly contradictory, func-Summary
tions of RNase HI have been described. One is to gener-
ate primers for initiation of DNA replication (DasguptaAlthough ribonucleases H (RNases H) have long been

implicated in DNA metabolism, they are not required et al., 1987), and the second is to eliminate, in a general
manner, RNA-DNA hybrids, some of which in Esche-for viability in prokaryotes or unicellular eukaryotes.

We generated Rnaseh1�/� mice to investigate the role richia coli can serve as primers at sites other than oriC,
the normal origin of replication (de Massy et al., 1984).of RNase H1 in mammals and observed developmental

arrest at E8.5 in null embryos. A fraction of the mainly Neither of these functions is essential for cell viability
in E. coli (Itaya et al., 1999) or Saccharomyces cerevisiaenuclear RNase H1 was targeted to mitochondria, and

its absence in embryos resulted in a significant de- (Arudchandran et al., 2000; Frank et al., 1998b), indicat-
ing other means of resolution of these structures. Increase in mitochondrial DNA content, leading to apo-

ptotic cell death. This report links RNase H1 to genera- contrast, the RNase H of the retroviral reverse tran-
scriptase is absolutely necessary for generating primerstion of mitochondrial DNA, providing direct support

for the strand-coupled mechanism of mitochondrial for DNA replication and removal of the genomic viral
RNA once it has been reverse transcribed (Hughes etDNA replication. These findings also have important

implications for therapy of mitochondrial dysfunctions al., 1998).
Studies have shown that RNase H1 is present in nucleiand drug development for the structurally related

RNase H of HIV. (Frank et al., 1998a; ten Asbroek et al., 2002), as would
be expected for a protein involved in DNA replication
and repair. However, RNase H1 has also been isolatedIntroduction
from mitochondria of Neurospora crassa (Wang and Lam-
bowitz, 1993), beef heart (Pileur et al., 2000), and Xeno-For many years, the prevailing model for replication of

mitochondrial DNA (mtDNA) has invoked a strand-asym- pus laevis oocytes (Cazenave et al., 1994), and there
is strong evidence that RNase H1 is present in bothmetric mechanism of duplication, with two origins of

replication, one on each of the two strands of the circular mitochondria and nuclei of Crithidia fasciculata (Engel
et al., 2001). However, deletion of the RNH1 gene in C.mtDNA molecule (Clayton, 1982). Transcription of the

mtDNA near the origin of the first-replicating strand can fasciculata (Ray and Hines, 1995) or in S. cerevisiae
(Arudchandran et al., 2000) does not lead to loss oflead to the formation of an RNA-DNA hybrid that is

processed to serve as primer for DNA replication by DNA mitochondrial function.
Mouse and human RNases H1 have an amino acidpolymerase � (Shadel, 1999). Mitochondrial replication

protein (MRP) has been implicated in formation of the sequence at their N termini, absent in a number of other
eukaryotic RNases H1 including S. cerevisiae, with char-RNA primer(s) (Lee and Clayton, 1997, 1998). Replication

then proceeds by copying along one strand until the acteristics of a mitochondrial localization signal. In this
report, we demonstrate that the N-terminal extensiondisplacement of the DNA exposes a new site in the

complementary strand to be used as initiation for repli- present in mammalian RNases H1 is able to target the
protein to mitochondria. Moreover, mice deleted for thecation of the second strand. In 2000, Holt and colleagues

reported observations that suggested mtDNA replica- Rnaseh1 gene arrest development about day E8.5 be-
cause of a failure to generate mtDNA, indicating an es-tion also follows a more classical strand-coupled mech-

anism (Holt et al., 2000). Further studies, using highly sential role for RNase H1 during mammalian em-
bryogenesis.purified mitochondrial preparations, found numerous

RNA-DNA hybrid regions in replicating mtDNA mole-
cules (Yang et al., 2002) rather than the previously re- Results
ported single-stranded DNA intermediates associated
with the asymmetric mechanism. These results have Characterization and Disruption of the Rnaseh1 Gene
been interpreted to indicate that mtDNA replication pro- Eukaryotic RNases H1 belong to a widespread family
ceeds mainly by the classic coupled leading-lagging- of ribonucleases with members in most prokaryotes,

eukaryotes, and LTR-retroviruses (Crouch and Toulmé,
1998). Some of these RNases H are multifunctional pro-*Correspondence: robert_crouch@nih.gov
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Figure 1. Disruption of the Rnaseh1 Gene

(A) Schematic representation of wild-type, targeted Rnaseh1 alleles, and the gene-targeting construct. Black rectangles and roman numerals
represent exons. A black box depicts the neomycin resistance cassette (PGK-neo), and a gray rectangle the thymidine kinase marker (HSV-
TK). Arrow “a” represents the oligonucleotide primer specific for the Rnaseh1� allele, arrow “b” the Rnaseh1� allele, and arrow “c” a common
primer for both the Rnaseh1� and Rnaseh1� alleles. E, EaeI; P, PsiI; and S, SspI are restriction enzyme sites.
(B) Identification of heterozygous-targeted embryonic stem (ES) cell clones. ES-cell DNA was digested with EaeI, or with SspI-PsiI, and
analyzed by Southern blotting using oligonucleotide probes of about 50 bases corresponding to the Rnaseh1 gene outside the sequences
included in the targeting vector.
(C) Genotyping of the Rnaseh1 locus by multiplex PCR. Adult mice were genotyped by PCR with three different primers a, b, and c as described
above. “Del” and “wt” indicate PCR products amplified from the Rnaseh1� and Rnaseh1� alleles, respectively.

teins containing additional domains. The RNase H re- erozygous mice were generated. Genotypes were as-
cribed by Southern analysis (Figure 1B), PCR assaysgion of the eukaryotic protein is attached to a highly

conserved duplex-RNA binding domain by a connecting (Figure 1C), and partial DNA sequence determination
(data not shown).sequence of variable length and amino acid composition

(Crouch et al., 2001). The function of the non-RNase
region and the reason of its association with the RNase Loss of RNase H1 Causes Embryonic Lethality

Mice heterozygous for the targeted allele Rnaseh1�/�H domain are unknown. To better understand the role of
RNase H1 in eukaryotes, we generated Rnaseh1�/� mutant were viable and fertile and exhibited no obvious pheno-

typic abnormalities. However, no Rnaseh1�/� mice weremice by gene targeting. We obtained BAC clones by hy-
bridization of mouse Rnaseh1 cDNA with a mouse ES BAC obtained from intercrosses of heterozygous mice. Geno-

typing of staged embryos showed that death occurs byDNA library (Cerritelli and Crouch, 1998), and the sequence
of the Rnaseh1 gene was determined. The complete se- mid-gestation with only resorbed Rnaseh1�/� embryos

at E10.5 (Table 1). The 85 embryos examined at day 9.5quence of the genomic region containing the Rnaseh1
gene appeared in GenBank (�lcl|Mm12_WIFeb01_232)
during the course of the work described here. The gene

Table 1. Genotyping of Newborn Pups and Staged Embryosis about 9.5 kb in length and comprises 8 exons and 7
introns, the latter ranging in size from about 0.3–2.3 kb Stage Total �/� �� �/�
(Figure 1A). It has a 500 bp 3�-UTR sequence.

Newborn 103 36 67 0We replaced four of eight exons of the Rnaseh1 gene
E10.5 10 4 10 6a

by a neomycin resistance cassette (Figure 1A), deleting E9.5 85 18 44 23
coding regions for both activities of the protein. Three E8.5 33 8 16 9
ES cell clones with the targeted Rnaseh1 allele were

a Resorbed embryos.
obtained, as determined by Southern analysis, and het-
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We compared DNA in mutant and control embryos at
different days postcoitum using quantitative PCR. Total
chromosomal DNA content was similar in wild-type and
Rnaseh1�/� embryos until E8.5. By E9.5, null embryos
contained only 10% of the DNA present in wild-type
or heterozygous embryos, perhaps reflecting the size
differences at this stage (Figure 2A). In contrast, the
amount of mtDNA in Rnaseh1�/� embryos was already
decreased at E7.5 when they were still growing and,
apparently, developing normally. By E8.5, the quantity
of mtDNA in homozygous null embryos was reduced to
about 1% of the wild-type, and by E9.5 was less than
0.05% (Figure 3), suggesting an association between
absence of mtDNA and embryonic lethality. The relative
decrease of mtDNA observed in embryos defective in
RNase H1 indicated that while chromosomal DNA repli-
cation continued normally, mtDNA replication was abso-
lutely dependent on RNase H1.

We considered the possibility that any embryo be-
coming lethal at midgestation would show low levels of
mtDNA. To test this hypothesis, we measured the
amount of mtDNA present in Ldb1�/� embryos that arrest
development at E7.5 (Mukhopadhyay et al., 2003) and
found normal quantities of mtDNA. Therefore, loss of
mtDNA in RNase H1-deficient embryos is not a general
phenomenon of embryonic lethality at this stage of de-
velopment.

Rnaseh1�/� Embryos Have Defective Mitochondria
Defective mitochondria in Rnaseh1�/� embryos were
observed by enzyme histochemical analysis of respira-
tory chain function and by electron microscopy (EM).
Enzyme histochemical staining showed an absence of
mitochondrial encoded cytochrome c oxidase activity
in E9.5 Rnaseh1�/� embryos, indicating severe mito-

Figure 2. Morphology of Rnaseh1�/� Embryos chondrial dysfunction resulting from the absence of
(A) Gross morphology of embryos representing Rnaseh1�/� and mtDNA. However, the activity of the succinate dehydro-
Rnaseh1�/� littermates at day 9.5 postcoitum (E9.5).

genase, derived from a nuclear-encoded gene, was nor-(B) Histological sections of embryos from Rnaseh1�/� and
mal in both mutant and wild-type embryos (Figure 4).Rnaseh1�/� littermates at E9.5 stained with hematoxylin and eosin.
Electron micrographs of E9.5 Rnaseh1�/� embryosApproximate gestational ages (� 0.5 days) were estimated from

vaginal plug dates. showed a heterogeneous population of abnormal mito-
(C) TUNEL staining of E9.5 embryos shows abundant TUNEL-posi- chondria, most of which were enlarged, vacuolated, with
tive cells in Rnaseh1�/� but not in control littermate. disorganized cristae, some resembling immature organ-
(D) 2� magnification of (C) to demonstrate abundance of TUNEL-

elles (Figures 5B and 5C).positive cells in the null embryo.

Homozygous Rnaseh1 Knockouts Show Massive
Apoptosis at E9.5postcoitum (E9.5) showed a Mendelian distribution of

the three possible genotypes. However, Rnaseh1�/� em- Mitochondria are key regulators of the process of pro-
grammed cell death, or apoptosis. Massive in vivo apo-bryos were developmentally delayed and considerably

smaller than wild-type or heterozygous littermates (Fig- ptosis has been shown to occur in respiratory chain-
deficient mouse cells lacking mtDNA (Wang et al.,ure 2A). Histological sections and microscopic inspec-

tion revealed no gross morphological defects (Figure 2001). Because embryos with homozygous disruption
of the Rnaseh1 gene lack mtDNA and, consequently,2B), indicating that Rnaseh1�/� embryos develop nor-

mally until approximately day 8.5 of gestation at which have a severe mitochondrial dysfunction, we examined
Rnaseh1�/� embryos for indications of apoptotic cellpoint they failed to increase in size and by E10.5 were

mostly resorbed. death. EM micrographs of mutant E9.5 embryos re-
vealed a large number of cells that appeared to be
undergoing apoptosis compared to wild-type age-Rnaseh1�/� Embryos Have Decreased

mtDNA Content matched embryos (Figure 5A). Mutant cells were loosely
connected, with numerous apoptotic bodies. Mitochon-Because RNase H1 has been implicated in DNA replica-

tion and repair, we examined the amount of DNA in dria showing the characteristic changes associated with
apoptosis were ubiquitously present (Figures 5B andRnaseh1�/� embryos in an attempt to relate embryonic

lethality in the absence of RNase H1 to DNA content. 5C). To confirm apoptotic cell death, we also performed
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Figure 3. Percentage of Mitochondrial DNA
Present in Rnaseh1 Null Mutants

The amount of mitochondrial and chromo-
somal DNA was estimated for embryos at
E7.5, E8.5, and E9.5. The percentage of mito-
chondrial DNA present in mutant embryos
was determined from a calibration curve con-
structed from serial dilutions of wild-type
DNA from age-matched embryos and nor-
malized to the amount of chromosomal DNA
obtained in the same way. The graph shows
independent experiments, and the table sum-
marizes individual values.

TUNEL assays on embryos at different stages and ob- in both mitochondria and nuclei (Wang et al., 2002; Laksh-
mipathy and Campbell, 1999; Valgardsdottir et al., 2001).served abundant TUNEL-positive cells at E9.5 (Figures

2C and 2D). However, only a slight increase in TUNEL-
positive cells was observed at E8.5 (data not shown), Discussion
indicating that about 2 days after mtDNA content started
to decrease, the absence of mitochondrial function Data reported here identify a crucial role for RNase H1
leads to apoptosis. Other mtDNA replication-deficient in mouse development and suggest that embryonic le-
mutants (Wang et al., 2001) undergo apoptosis around thality in Rnaseh1 null mutants results from failure to
the same embryonic stage. replicate mtDNA. These results were surprising because

deletion of the gene encoding RNase H1 in a wide variety
of unicellular eukaryotes did not lead to cell death orRNase H1 Localizes to the Nucleus

and the Mitochondria loss of mitochondrial function (Ray and Hines, 1995;
Arudchandran et al., 2000). It was also a surprise to findRNase H1, a nuclear-encoded enzyme, would need to

be transported to mitochondria to have a direct effect that Rnaseh1�/� embryos failed to produce new mtDNA.
Clues that led us to examine defects in mitochondriain these organelles. RNase H1 is abundant in nuclei,

but it also has been detected in mitochondria of C. were the timing of embryonic lethality and the presence
of a putative mitochondrial localization signal at thefasciculata (Engel et al., 2001) and has been purified

from mitochondria of different organisms (Cazenave et amino termini of both mouse and human RNase H1.
During development, replication of mtDNA beginsal., 1994). Mouse Rnaseh1 transcripts have two potential

in-frame AUG initiation codons, an organization typical some time after implantation (Pikó and Taylor, 1987;
Pikó and Matsumoto, 1977; Ebert et al., 1988), whenof mRNAs encoding proteins targeted to mitochondria

and another cellular compartment (Lakshmipathy and multiple rounds of cell division have diluted the approxi-
mately 100,000 mtDNA molecules contributed at fertil-Campbell, 1999; Slusher et al., 1991; Valgardsdottir et

al., 2001). The 26 amino acid sequence residing between ization by the maternal oocyte (Steuerwald et al., 2000).
In contrast, chromosomal DNA replication commencesthe two AUGs was predicted by a computer algorithm

(Nakai and Horton, 1999) to be a mitochondrial localiza- almost immediately after fertilization. Our data show that
at E7.5 the amount of mtDNA in Rnaseh1�/� embryostion signal (MLS) (Figure 6A). To determine subcellular

localization, we made a construct in which the putative was about 10% of that present in the wild-type embryos
and decreased further to 1% at E8.5 and 0.05% at E9.5.MLS was fused to the GFP protein. Confocal microscopy

analysis of Cos-1 or HeLa cells transiently transfected The relative decrease of mtDNA observed in Rnaseh1�/�

embryos as development progresses implies that, in thewith this plasmid demonstrated that the first 26 amino
acid residues of RNase H1 effectively targeted GFP to absence of RNase H1, maternally inherited mtDNA is

diluted to very low levels, because there is no new syn-mitochondria in both monkey and human cell lines (Fig-
ures 6C and 6F). The full-length RNase H1 fused to the thesis, while chromosomal DNA content increases due

to normal replication.GFP localized to the nucleus and mitochondria, with the
strongest signal in the nucleus (Figure 6G). When we Until the early blastocyst stage, maternally derived

mitochondria and the use of lactate to generate ATPremoved the MLS, the protein was exclusively nuclear
(Figure 6H). Subcellular partitioning of RNase H1 was simi- obviate the need for newly formed mitochondria (Gins-

berg and Hillman, 1973). Mice unable to produce func-lar to that of other proteins that interact with nucleic acids
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Figure 4. Enzyme Histochemical Analysis of
Respiratory Chain Function in Homozygous
Rnaseh1 Mutant and Wild-Type Embryos

Enzyme histochemical staining for cyto-
chrome c oxidase (COX) and succinate-dehy-
drogenase (SDH) activities was performed on
tissue sections from wild-type (�/�) and ho-
mozygous mutant (�/�) E9.5 embryos.

tional mitochondria, including Rnaseh1�/�, arrest devel- depend on oxidative phosphorylation for energy pro-
duction. In Xenopus laevis embryos, mtDNA replicationopment around E8.5 (Larsson et al., 1998; Li et al., 2000)

and when cytochrome c is present undergo apoptotic begins at the heartbeat stage (Chase and Dawid, 1972),
emphasizing the need for mature mitochondria at thecell death (Wang et al., 2001). At this stage, rapid mito-

chondrial replenishment is crucial, as embryos begin to time the circulatory system becomes available.

Figure 5. Cellular and Mitochondrial Morphology in Wild-Type and Rnaseh1�/� E9.5 Embryos

(A) Electron micrograph of tissue sections from wild-type and Rnaseh1�/� E9.5 embryos. The scale bar represents 5 microns.
(B) Electron micrograph of tissue sections from wild-type and Rnaseh1�/� E9.5 embryos, at higher magnification, showing mitochondrial
details. The scale bar represents 0.5 microns.
(C) Several examples of abnormal mitochondria observed in Rnaseh1�/� E9.5 embryos by EM. The scale bar represents 0.5 microns.



Molecular Cell
812

Figure 6. Subcellular Localization of RNase
H1-GFP Fusion Proteins

(A) RNase H1-GFP fusion constructs. RNase
H1 is schematically represented with the
RNase H domain in yellow and the double-
stranded RNA binding domain in blue. The
sequence for the mitochondrial localization
signal (MLS) is shown on top. pEGFP-M1-H1
represent the fusion of the RNase H1 and the
GFP coding sequence. In pEGFP-M27-H1,
the RNase H1 protein starts at M27. The
pEGFP-MLS construct has the first 26 amino
acid sequence of the RNase H1 protein
attached to the GFP sequence. pEGFP is the
green fluorescent protein encoded in the
plasmid pEGFP-N2 (Clontech), and pDsRed2-
Mito represents the red fluorescent pro-
tein encoded in the vector pDsRed2-Mito
(Clontech).
(B) Cos-1 cells were transiently transfected
with pEGFP and pDsRed2-Mito, and the
merged fluorescence image is displayed.
(C) Cos-1 cells were transiently transfected
with pEGFP-MLS and pDsRed2-Mito, and the
merged images of green and red fluores-
cence are shown. Yellow evidences colocali-
zation of both proteins.
(D–F) HeLa cells were transiently transfected
with pEGFP-MLS and pDsRed2-Mito, and (D)
the red fluorescence, (E) the green fluores-
cence, (F) and the merged images showing
colocalization are displayed.
(G) HeLa cell transiently transfected with
pEGFP-M1-H1, the construct with the full-
length RNase H1 fused to the GFP.
(H) HeLa cell transiently transfected with
pEGFP-M27-H1, the construct missing the
MLS sequence from RNase H1. All cells were
observed 24 hr after transfection using a Bio-
Rad confocal microscope.

By E9.5, mitochondrial function is markedly compro- null embryos may be loss of mitochondrial membrane
integrity and subsequent release of cytochrome c. Themised in Rnaseh1�/� embryos, as shown by the absence

of cytochrome c oxidase activity (Figure 4). Mitochon- absence of cytochrome c in the cyc1 null embryos may
account for the success in obtaining stable fibroblastdrial dysfunctions are well-known inducers of apoptotic

cell death, and mitochondria of Rnaseh1�/� embryos cell lines from these mice but not from Rnaseh1�/� or
Tfam�/� embryos.display the characteristic morphology of organelles pro-

grammed to trigger apoptosis (Scorrano et al., 2002). Although previous reports have suggested mitochon-
drial localization, our data conclusively establish thatMitochondrial remodeling results in release of cyto-

chrome c, which in turn induces the postmitochondrial mouse RNase H1 has an N-terminal MLS capable of
targeting the protein to mitochondria (Figure 6). The MLSapoptotic pathway. Rnaseh1�/� embryos undergo mas-

sive apoptosis at day E9.5 (Figure 5). is located between two in-frame AUG codons, and the
choice of which AUG is used for translation can beMice deleted for mitochondrial transcription factor A

(mtTFA) (Larsson et al., 1998) or cytochrome c (Li et dictated either by alternative splicing of pre-mRNA or
leaky scanning translation of a single mRNA (Neupert,al., 2000) arrest development at the same stage as the

Rnaseh1 null mice. Notably, Rnaseh1�/� and Tfam- 1997). Our localization experiments used the cDNA se-
quence starting at the first AUG codon fused to the CMVdefective embryos exhibit significant apoptosis, whereas

cyc1�/� embryos have been reported to be resistant to promoter sequence, suggesting that leaky scanning of
a single mRNA accounts for the relative amounts ofseveral proapoptotic effects (Li et al., 2000). Cell lines

have been derived from cytochrome c-defective em- GFP-RNase H1 fusion proteins detected in the nucleus
and mitochondria.bryos but not from either Tfam (Wang et al., 2001) or

Rnaseh1 null mice (data not shown). A common mecha- Human DNA topoisomerase III� is an example of a
protein directed to both nuclear and mitochondria sub-nism for induction of apoptosis in Rnaseh1- and Tfam
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cellular compartments by alternative translation initia-
tion (Wang et al., 2002). Two in-frame AUGs of the
hTOP3� mRNA are arranged similarly to the ones in the
Rnaseh1 mRNA. Until recently, hTop3� was thought to
be exclusively a nuclear enzyme. However, the MLS
sequence with an optimal translation initiation site was
able to direct a GFP fusion protein to mitochondria.
Subcellular partitioning of RNase H1 was similar to that
of the Top3�, with the majority of both proteins residing
in the nucleus (Wang et al., 2002). This distribution
seems to be common for proteins that interact with DNA
in both nuclei and mitochondria and is thought to be a
way to ensure a proper ratio protein-DNA, since there
is roughly 100-fold more DNA in the mammalian nucleus
than in the mitochondria of these cells (Shadel and Clay-
ton, 1997).

Our results suggest significant participation of RNase
H1 in mitochondrial biogenesis. RNase H1 was not con-
sidered until now as a mitochondrial component critical
for maintenance of mtDNA, and in the asymmetric strand
replication model, its role was relegated to removal of
RNA primers attached to DNA, which are used only for
initiation of replication from the H and L strand. The
presence of RNA at 500 bp intervals around the entire
nonreplicating mtDNA (Yang et al., 2002) could not be
the consequence of RNA left over from H and L strand
primers. Although RNases H have been shown to partici-
pate in Okazaki fragment primer removal, other enzymes
are necessary to completely eliminate all RNA residues
(Rumbaugh et al., 1999), because RNases H leave one
or more ribonucleotides attached to the DNA. In light of
our results, we propose that RNase H1 is involved in
removal of RNA during maturation of mtDNA, leaving

Figure 7. RNase H1 Involvement in Replication of Mitochondrial
ribonucleotides scattered throughout the DNA (Figure 7). DNA

Replicating mtDNA molecules (Yang et al., 2002) con-
Putative roles of RNase H1 during mtDNA replication. Lagging-

tain even more extensive RNA regions, suggesting that strand DNA synthesis originates from an RNA primer. RNase H1
priming events occur frequently during replication, as cleaves a nascent RNA transcript to create primers for DNA forma-
in the lagging strand of the strand-couple mechanism of tion. After DNA extension, RNase H1 removes the RNA primer, leav-

ing a few nucleotides attached to the DNA molecule. After DNADNA replication. Persistence of these hybrids suggests
polymerase � synthesis and ligation, mtDNA would contain ribonu-that RNase H1 removes them slowly, perhaps due to its
cleotides dispersed throughout the entire molecule, as has beenlow abundance or its presence in a complex whose
observed in a recent paper (Yang et al., 2002).

function is not solely to resolve RNA-DNA hybrids. For
example, RNase H1 may play a significant role in gener-
ating primers for DNA replication (Figure 7) as it does

has implications for human mitochondrial dysfunctions
in ColE1 replication in E. coli (Dasgupta et al., 1987) or

and for HIV-AIDS. It will be of interest to see if RNase
in HIV-1 where RNase H generates the RNA primers

H1 plays an important role in mitochondrial diseases.for initiation of second-strand synthesis (Hughes et al.,
RNase H of HIV-1 exhibits similarity in structure and1998). Inability to generate RNA primers would clearly
enzymatic mechanism to E. coli RNase HI and to mam-result in no or abortive replication.
malian RNases H1 (Hughes et al., 1998). In light of ourDuring our analysis of embryonic lethality of
findings, efforts underway to develop drugs targeted toRnaseh1�/� mice, it was reported that RNase H1 is re-
the HIV-1 RNase H for controlling HIV-AIDS should focusquired for metamorphosis in Drosophila melanogaster
primarily on inhibition of the viral protein.(Filippov et al., 2001). The unique requirement for RNase

H1 during development suggests to us that this enzyme Experimental Procedures
is important in multicellular organisms when rapid
mtDNA replication is necessary. Prompt removal of the Construction of the Targeting Vector
RNA-DNA hybrids might be critical at the time of rapid A BAC plasmid containing the mouse Rnaseh1 (Cerritelli and

Crouch, 1998) was sequenced and used for the construction of themtDNA formation, making RNase H1 essential. Replica-
targeting vector. A 2.2 kb of 5�-flanking sequence including mosttion in somatic cells may be slow and tolerate the pres-
of the first exon and intron, and a 1.7 kb of 3�-flanking region con-ence of a significant number of ribonucleotides in the
sisting of exons 6, 7, and 8 and the intervening introns, were cloned

mtDNA molecule, as reported (Yang et al., 2002), ex- flanking the neomycin resistance cassette of the plasmid X-pPNT
plaining the dispensability of RNase H1 in a number of (Tybulewicz et al., 1991) which also includes a thymidine kinase
unicellular organisms (Ray and Hines, 1995). marker (Figure 1A). The final construct was verified by restriction

digestion, PCR, and partial sequence determination.Participation of RNase H1 in mitochondrial biogenesis
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Generation of Knockout Mice H1 was constructed in the same way but using the RNase H1 coding
sequence starting at M27, which should remove the mitochondrialLinearized targeting vector was electroporated into mouse ES cells

derived from the 129SVJ strain (Fisher et al., 1998). ES clones resis- localization signal.
To study intracellular localization of the various GFP-RNase H1tant to G418 and sensitive to Gancyclovir were picked and screened

for the targeted Rnaseh1 allele by Southern analysis. Three clones fusion proteins, the expression plasmids were transfected into Afri-
can green monkey kidney-derived Cos-1 cells or HeLa cells thatcontaining the deleted gene were obtained and confirmed through

a second round of screening. Two of the positive ES clones were had been grown on coverslips. The plasmid pDsRed2-Mito (Clon-
tech) was cotransfected with some constructs in some experimentsinjected into blastocyst derived from C57/BLK6 mice. Mice carrying

the targeted allele in the germline were established, and heterozy- to label the mitochondrial compartment with red fluorescence. Cells
were allowed to grow for 24 hr in growth medium prior to analysisgous animals were mated to generate Rnaseh1�/� embryos.
by confocal microscopy.

Genotyping
AcknowledgmentsES cells that generated mice with the Rnaseh1 gene deleted were

screened by Southern analysis. Probes outside the region cloned
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Huang for providing feeder cells for growth of ES cells. Marat Gori-analysis. Competitive PCR was used to assess the presence of the
vodsky was very helpful for staging mouse embryos. Also, ourwild-type and deleted alleles in the same reaction. An oligo primer
thanks to Karl Pfieffer and Mario Cerritelli for help with the manu-for the neomycin gene (5�-CTTGCTCCTGCCGAGAAAGT) and a
script and figures.primer for the wild-type gene (5�-CCATCATGCAAGCCAAGGCT)

were amplified with a downstream primer common for both alleles
(5�-CTGAGTGAGCTCGTCCAGCT). The PCR products were ana- Received: September 18, 2002
lyzed in agarose gel (Figure 1C) and further verified by subcloning Revised: December 13, 2002
and sequencing. When working with small amount of embryonic
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